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NACA ACR No. E4J25

RATICNAL ADVISORY COMMITTEE FOR ARRONAUTICS

' ADVARCE CONFIDENTTAL REPORT

AN ELECTRON-DIFFRACTION EXAMINATION OF CAST-ITRON PISTON RINGS
FROM SINGLE-CYLINDER ATRCRAFT-ENGINE TESTS

By A. S, Nowick and L. O. Brockway

SUMMARY

An electron-diffraction examination of cast-lron piston rings
used in a single-cylinder test englne showed the presence of a layer
of graphite covering the surface. The wear curves from the rings
studied had shown variation from high rates (because of scuffing)
to very low rates of wear. In all cases graphite was shown to be
present with variations as to quantity and crystalline orlentation.

The fact that these piston rings did not have a graphlite layer
covering the surface before use was shown by a diffraction examina-
tion of lapped cast-iron rings. These patterns showed a iron plus
graphite, predominately iron, and were simllar to the diffraction
patterns obtained by mildly abrading both new and used pisten rings.
A pure graphite pattern was obtained by mlldly etohing new cast-
iron rings.

Graphite was also found on the used cylinder barrel
(SAE 4140 steel) used in the tests and, to a lesser extent, on the
used top chrome-plated ring of the plston assembly. The source
of graphite in all cases was probably the graphite enclosures in
the cast-iron rings that had been exposed or extruded by the wearing
process and spread by the rubbing of the piston rings agalnst the
cylinder barrel.

The formation of a graphite layer was not assumed to be the
only surface change that occurs to plston rings and cyllnder barrel
during engine operation. No other substances were identified by
eleotron diffraction because the graphlite layer in the thickness
present on the rings and barrel observed 1s opaque to electrons.
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INTRODUCTION

Among the changes that occur during the running-in of piston
rings and cylinder barrels are chaonges in the physical and possibly
the chemical nature of the running surfaces. The term "break-in"
is used in this report to denote a procedure of preliminary engine
operation involving the increase of loads and speeds to normal
operating values. The term "run-in surface" is used to designate
a surface, certain propertlies of which have altered resulting in
optimum performance characteristics.

The occurrence of a surface change durlng the polishing of
metals was first suggested by Beilby (reference 1). With the
development of electron-diffraction techniques, work on the nature
of polish was carried out by several Investigators in Great Britain,
Germeny, and in this country. Because a run-in surface need not be
a "polished surface", the conclusions drawn in polish Investigations
are not necessarily applicable to piston rings and cylinder barrels.
The only electron-diffraction study of run-in piston-ring or
cylinder-barrel surfaces known to the authors was made by Finch,
Quarrell, and Wilman (reference 2), who studisd used aircraft-
engine cylinder sleeves, Nelther the chemical composition of the
sleeves and the rings run in them nor the conditions of the test,
excopt for the total number of runmning hours, are specified in
reference 2.

An investigatlion is being conducted at the NACA Cleveland
laboratory to determine the nature of a run-in surface. The inves-
tigation has two obJects: +to detect the changes that occur during
engine operation and to determine which of the observed changes
are necessary to produce a run-in surface. Thls report describes
electron-diffraction experiments conducted during the spring and
sumer of 1944 to detsrmine the changes that occur to the surface
of cast-iron piston rings during operation in a steel barrel.
Electron diffraction was used because it permits the detection of a
substance on the surface buing examined, even if the sulbstance occurs
to a depth of only a few molecules. The ring specimens examined
varied from scuffed rings to rings that showed a very low rate of
wear. The used cylinder barrel and the top chrome-piated ring of
the assembly were zlso examined. OSoms of the electron-diffraction
photographs obtained frecm the platon rings, as well as standard
patterns of o iron and gruphite, are presovnted for compariscn.

The results obtained by diffraction methods ars limited to
detecting the changes that occur. Final determination of whether
the observed changes are necossary to the run-in surface will
require oengine tests.
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APPARATUS AND TEST PROCEDURE

- The graphite particles_of the cast iron 1n_ the piston rings
examined corrsspond cloasely to 60 percent sizes 7 to 8, type A
and 40 percent sizes 4 to 5, type B (A.S.T.M. designation A 247-41T
for graphite-fleke size and type). The structure of this piston- -
ring cast lron is the same as that shown 1n figures 1 and 2 of
roference 3.

The cast-iron rings examined were new, lapped, and used. The
operating conditions for the used rings are listed in table 1.
These rings were run in a single-cylinder test engine with Pratt &
Whitney R-2800 piston and oylinder assemblies. The ring assembly
conalsted of cast-lron rings except for a top ring, which was porous
chrome-plated. In all tests, the cast-iron rings were lapped prevli-
ous to operation using an abrasive of sllicon-carbide gralns (speci-
fied grit No. 400) dispersed in an oil binder. After the rings were
removed from the engine, they were irmersed for 24 hcurs in a com-
pound that locsencd the "carbon" (combustion products of the oil)
deposited or. the rings. The rings wers then washed with cn organic
solvent and coverod with grease to prevent rusting. Soveral specl-
mens were taken from each piston ring examined. Unless otherwise
specified, no other treatmsnt was givin to tho rurnning faces before
diffraction phctographs wers token except for a2 benzeno wash to
remove the grsase.

An RCA electron microscope sunplied with a diffraction adapter
(reference 4) was used for the electron-diffracticn work. The
instrumsnt was opereted at €0 kilovecltas and the speclmen-to-plate
distance was 31.0 czntimeters. The electron-diffraction patterns
obtained from the rings were compared with three standard patterns:

o iron, graphite that showed prefcrred orientation, and randomly
oriented graphite. The a lron pattern was cbtained from a sample

of cold-rolled, very low-carbon stesl that was abraded with No. 280
grit emery paper. The graphite pattern showing preferred orientation
was obtained from powdsred graphite rubbed on the steel as a base,
The randomly oriented graphite pattern was obtained by putting a
little petroleum Jelly on the steel surface and touching it to the
powdered graphite wlthout rubbing; some larger particles thus adhered
to the surface of the steel.

Results of the diffraction examination are given in terms of 4,
the Bragg interplenar spacing in the crystal, which is inversely
proportional to r, +the radlus of the corresponding diffraction ring
for the small angles used in electron-diffraction work. The propor-
tlonality constant was detsrmined by photographing zinc oxide as a
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calibration pattern. For the specimen-to-plate distance and accel-
erating voltage used In these experiments, the zinc-oxide pattern
gave as the relation between 4 and r

_14.0
d = r

Precision of the 4@ values was estimated frcm the uncertain-
ties of 0.1 millimeter 1n the measurement of the radli for fairly
sharp diffraction rings. Tke uncertalnties of the 4 values
decrsase rapildly fcr the larger rings. In the case of more diffuse
or very faint rings, the measurements are more uncertain and the
precision correspordingly poorer. The intensities I were visually
estimated and graded relative to the strongest ring.

In all the diffraction work, the "reflection" technique (ref-
srence 5) wes ussd, except for the zinc oxide. The photographs of
the diffraction patterns presented are pcaitive enlargemerts (X2)
and do not show as much detail as the orliginal negatives.

RESULTS AND DISCUSSION

The 1ldentification of a diffracting material on the surface of
the pisten rings was made by comparing the diffraction rings cbtalned
frcm the specimens with the rings obtained from the standerd mate-
rials. The data from the patterns of the piston-ring epecimens and
the starndard materials are given in table Z; & comperlson was made
betweon ell diffracvion rings rerresenting the sem= value of 4
wlithin ths estimated precision listed in column 7 »f the table. The
nucber of significant figures given for each value cf d was also
based upon the estimated precision. The improvement of the pre-
cisilmrn cf d waith decreasing values of 4 13 mcdified hy the fact
that some rings are stronger end clsarer than others. The estimated
precision for the (104) and (110) graphite planes is therefore poorer
than for planes of kigher 4 value.

The patterns obtained from lapped and used piston rings were
poorer than the standard patterns, teczuse surface conditions could
not be varied in order to obtain the best results.

Standard Patterns

Standard diffraction pattsrns of o iron, graphite showing pre-~
ferred orientation, and rarndomly oriented graphite are shown in
figures 1, 2, and 3, respectively., The Miller indices for the
o iron and graphite rings are given in figures 1 and 2 for
convenience of reference.
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A polyecrystalline materlal is sald to show preferred oriente-
tion if the normals to any crystaellographic plans in the various
gingle crystals do not point in all possible directions, Preferred
orientation 1s detected in the diffraction patterm by the appearance
of nonmuniform Intensity around the diffraction rings representing
the orlented planes. In figure 2 the heavy short arcs show that
certain planes in the crystal have a preferred orientation., These
arcs correspond to successive even orders of reflectlon from the
(001) planes and indicate that these planes, which form the faces
of the characteristic.cleavage plates of graphite, are orlented
parallel tc the surface of the backing meterial within 2° or 3°,

The appearance of cther rings shows the presence of a smaller number
of plates not orlented in this directlion because of the method of
preparation., Figure 3 Indlicates a raniom arrangement of the graph-
1te cleavage plates, The occur.ence of the spotted rings is due to
the presence of relatilvely large crystals., Inasmuch as the only
espentlal difference in the preparation of the graphlte samples was
that they were rubbed in the first case and not in the ‘second, it 1s
clear that rubbing produced the preferred orilentation,

A diffraction ring corresponding to 4 = 2,5 to 2.8 A appears
in all columns of table 2 including the standard patterms; it repre-
sents nelther a grephite nor an a iron plene, This ring wves found
by Nelson (reference 6) on iron at about 4 = 2.5 A and was attri-
buted by that author to oxidation of the iron with the formation of
FozO4 or of 9Feg0z. In tho preparation of tke a iron and the

graphite specimens, the timo betweon abraosion of the iron and inser-
tion into the camera was not more than 2 or 3 minutos , ¥hich explains
the low intonsity at which the oxide diffraction ring appears in the
a iron pattern and in tho graphite pattern showing proforrod orienta-
tion. The ring did not appenr in the randomly oriented graphiteo
pattorn (fig. 3), probably bocause the graphito layor in this case
was thick enough to provent penetration of the eloctrons to the
underlylng material,

Occurrence of Graphito

Occurrence cn now rings. - The diffraction pattern of a now
cast-iron piston ring consists cf two rather diffuse rings that may
be attributed to q iron, graphite, cr both, After mild abrosion
with No. 600 grit emory paper, however, a sharp ring pattern (fig, 4),
identified as a iron plus graphite » Predominntely lron, was obtained
(column 5,.table 2). This pattorn shows that aobrasion of the ring
with emery peper results in an increase in the graphlte concontration
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at the surface inasmuch as 1ts concentration in the bulk materisl
of the cast iron is about 3 percent, which 1s too low for graphite
to appear in the diffractlon patterm.

Specimens of new rings wore abraded with No, 280 emery paper
and then etched in a 2-percent nitel solution (2 percent nitric
acid in methyl alcohol) for 30 seconds. When the specimens were
remcved from the nital, they were washed in methyl alcohol and
immediately placed in the diffractlon chamber. The sharp ring
pattern obtained (fig. 5) 1s shown in column 2 of table 2 to be a
graphite pattern. Four graphite rings that could nct be seen in
the standard graphlte pattern eppeared here. The occurrence of
pure graphite upon etching can be explained by the dissolving of
iron at the surface, which left some graphite protruding.

Occurrerce on lapped rings. - Examinatlon of lapped ocast-iron
rings gave a pattern that wes poorer, but not greatly differont
frcm the abraded cest iron. (See column 4, table 2 and fig, 6.5
The pattern from lapped rings wes taken as the control for the
examinaticn of the used rings because all rings were lapped previous
to running,

Occurrence on used rings., - The diffractlion patterns of several
specimens frcm each of the cest-iron rings listed in table 1 were
photographed. The patterrs ottalned 1n all cases correspond to
graphite with varylng degrees of orientation. Figure 7 1s a highly
orlented graphite pattern from test 5 and figure 8 1s & randomly
oriented grephits pattern from ring 5 of test 3. These figures are,
respectively, representotlive cf the types of highly and randomly
oriented graphite patterns obtalned from the varicus used piston
rirgs. In no case was the praosence of o iron on the surface indi-
cated. Column 3 of table 2 lists the diffraction rings obtained
from used piston rings from all the tests cf table 1 with the range
of relative intensities observed cn the various exposures. (The
deslgnation I = 0 Iindicetes the absence of the ring from some of
the negatives.) The greater the orlentation, the fewer and heavier
the rings appear (see fig. 7); therefore, the more precise measure-
ments were mede from pattsrns showlng lesser degrees of orientaticn.

The generel background was very heavy 1in all patterns from used
rings. If the intenslty of the diffraction pattern relative to the
background 1s indlcative of the quantity of graphite at the surface,
ring 2 of test 3 (table 1) shows the gr'eatest amounts of graphite
over a large number of phrotographs of different seamples. The other
tests varied greatly over different specimens and photographs. Good
patterns were not obtalned too readily from the scuffed ring of
test 5, but the good photographs showed graphlte to about the same
extent as other tests.
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Mild abrasion of used rings with No. 600 amery paper was
always sufficient to give the sharp pattern of a ircn plus graphite
similar to that from tho etraded new ring (fig. 4). An ctching
treatment similar to the cne used for the new rings but without
abrasion was (jiven to used rings. The pattern obtalned was very
similar. The only substance ildentifled on the used ring surfaces
was graphite. This fact does not moean thot no othcr surface changes
take place during the epgine operation of the rings, inasmuch as a
relatively thin graphite layer is opaque to electrcn penetration.

Occurrence on other running surfaces cf assembly. - Samples of
the used portions of a barrel (SAE 4140 stesl) from the Pratt &
Whitney R-2800 assembly wore examinod and found to give a strong
grephlte pattern very similar to that obtainsd from the used rings.

Samplos of the top chrome-plated ring of the plgton assembly
frcm some of tho tests listed in table 1 were also examincd tbefore
and after use, Thse used chrome-plated rings gave graphite patterns
not so intense relative to tho background as thoss from used cast-
Ircn r:ngs, which indicates thero wna lesa graphite cn tha surfaco.

Crientation of the Graphite

The giraphite laysr appearing on the ussd rilngs exhibited varia-
ticns frcm gharp line sgett.rns to those .n whick Loavy urcs appeer
due tn preferrcd orivntuticrn. In figurs 7 those arcs avroe seen to
cover ahout 20° and show that the normals to the charactaristic
cleavage platos vary In tilt over #10” around the pcsltlon of the
normel to the ring surifaco.

The degree of prafcrrcd cri.nteticon shown could nnt be corre-
lated wlth the ongin: tests, bteceuse diffurert specimons from the
seme ring showed groat differences in the degroe of orilsntation.
In order to dutermine whether this varlation was due to angine
operation or to subsequent treatment, o srecimen from & used ring
that had given 2 woll-d:fined randomly oriented gr-phite pattern
was rubted with cloth. This rutbing produced nc orientation. It
seems probeble, therefore, that differ«nces in oriuntation are due
to differences in radial pressure uround the ring.

Origin of the Graphite

The graphite layor found on tho rings and barrel dlscussed 1in
this report may be attridbuted to two factors: it may have come from
(1) the "carbon" deposited by ccmbustion of the oil or (2) it mey
have been caused by the exposing or extruding of graphite from the
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cast iron during the wear process with subsequent spreading of the
graphite dus to rubbing of the cast-iron rings egalinst the oylinder
barrel, as suggested by other investigators. (See refarence 2.)
The first cause was suspected because of the brown coatling of
so-callod "vernish," "lacquer," or both on the surface of the
cylinder-barrel specimens examinecd.

Chrome-plated rings (from a piston assembly in which nll rings
were chrcme-plated) that had been opsrated in =i Alliscr V-1710
single-oylinder ongino using a stock 4620 carturizsed-stoel cylinder
barrevl mounted on a CUE crankcase shiwed nc traces of graphito.
The absence of graphite frow this tost would suom to oliminate the
first cauge. Because this test was run in a differont onglne and
under diffsrent conditions than the other tests, it cannot be
consldered as a control,

An X-ray diffraction examination in a powder comora using CuRKa
radlation of the "carbon" duposited on o plston during oparation
showed the nbscnco> of the graphite pattern. This absence meuns thet
not much of the chemically corblned cerborn has been tranafcrmed to
grozphite in the ccurse of ths deccmposition of the lubricating oil
and that the atructure of any graphite prusent 15 greatly digteorted.
It svems improbable, thersfere, that a gruphite lsycr can te formed
ty dspositinn of combusticn prcduacts on the rings and tarrcl even
after rubbing. The gZraphite layor formcd during engine cperation
probably comes from the graphlte enclcsurys 1n tne cest ilrcn thab
have beuon sxposed cr extrudcd by the wenring of the cast-iron rings.

SUMARY CF RESULTS

An clectron-diffraction examinntion of new, loappod, and used
cast-iron plston rings from single-cylinder-srginc tests showed tho
following results:

1. Tho diffractlon patterrs from larpoud rings showed the prea-
vnco of o iron plus graphite, pr.dominately iron. A similar diffrac-
tion pattern was obt-lncd by atrading a new ring with umery peper.

2. The examinaticn of the diffraction patterms of used rings
whoss wear curves vuriod frem khigh retes (tocause of scuffing) to
vory low ratss of woir Indicated the pregsence of a layer cf graphite
covoring the surfece 1n all case3. Thero was some varietion in the
qucntity of graphite present in diffcrent samplus. Bocause tho
graphite layer 1s opaque to electrons, no substance beneath it could
he detected.
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3. The degree of orlentation of the graphite from used cast-
iron piston rings varied over different parts of the same ring.

4. A phe¥p pattern of ‘o irdn plud graphltée was obtained from
the used cast-lron rings after mild abrasion.

5. A gharp randomly orlented graphlite vattern was obtalned by
mildly etching a new cast-iron ring with nitel.

6. Graphite was found to a greoat extent on tho used cylinder
bearrel (SAE 4140 steel) and to a lesser extent on the top chrome-
Plated ring of the assembly after it had been usgd.

CONCLUSION

The graphite layer found on the surface of used plston rings
and cylinder barrels 1s produced by the exposing or extruding of

the graphite 1n the cast-iron rings during the weqr process followed

by =2 spreading of the gravthite as rubblng between pilston rings end
cylinder barrel takes place.

Aircraft Fnzins Research Laboratery,
National Advisory C-mmittee for Aecronautics,
Cleveland, Ohio.
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TABLE 1. - TEST CONDITIONS FOR THE USED RINGS
Test
1 2 3 4 5
Compression ring used 24 2d 24 and 24 24
for diffraction 34
examination
Fuel additlives used Ncne | None | None |Organo-sillicon |Iron car-
during break-in compound® bonyl®
- - 3 ] 3
Breek-in time, hr ry A 74 2 2
Total running time, hr 17% 172- 17% 12 12
Engine speed at final | 2400 | 2400 | 2400 2400 2400
test conditions, rpm
Brake mean offective 225 225 225 225 225
pressure at final
test condit:ons,
1b/sq in.
Rate of wear Normal (Normnl| ILcw |Lowest obtained| High
Remarks on operation |Normal|N-rmal]Normal Normal Rings
acuffed

8These fuel additives produced abraslve particles of amall size
durlng the comtustion procsess.

National Advisory Committee
for Aeronautics




ring, graded in increasing order as follows:

TABLE 2. - SPACINGS AND INTENSITIES OF DIFFRACTION PATTERNS FROM

) STANDARD MATERIALS AND PISTON RINGS
[d, interplanar spacings In Angstrom units A; I, relative intensity with respect_to strongest

0, VVF, VF, F, FN, N, NS, S, V8

1 2 3 4 ) 6 7
aoraphite (data Cast-iron ring Run-in Lapped New cast-iron atron® Estimated
from patterns (etched with cast- cast- rings(abraded (see ri1g. 1) precision
showing preferred |2-percent nital iron iron with No. 600
orientation; see |after abrasion rings rings emery paper;
rig. 2) with No. 280 see rig. 4)

emery paper)
Indi- d 1 d I d 1 d I d I Indi-} d I {Expected 4
ces (A) (A) (A) (A) {A) ces (a) vari?tgon
A
002 3.4 N S.4 M 3.4 |0-M 3.4 FN | 3.5 N LEEIET R EETTE Y EL T $0.2
e-eee=] 2.8 VVFP 2.5 VVF 2.5 |0-Ms (2.6 F 2.7 VF  |==---=- 2,7 F t.1
100 {b2,11feeee-e| 2,16 | VWF | ---cc]e---- B I T PR FEIPYN .meee- -—--| %.05
101 2,031 Vs 2.04 Vs 2.03|Vs 2.00 Vs 2.02 Vs 110 2.03 vs .05
102 b1 .81 [-e---- 1.87 P 1.87}0-VVF|---- LR B R R cecccee emmeaa oo .03
004 1,70} PM 1.71 VVF 1.73f0-M  |=---- e BRI EE TR EE elecccccloca- t.02
103 1.57| FPM 1,54 FN 1.54{FM-M |-~~~ ----] 1.55 VVP |ecccwce|ovene- cov- .02
weomcofeccon jacvccel ececcn|esscscos | coeca]onnna 1.42 N 1.40 N 200 1.41 MS +.02
104 |©1.33]==ee-- 1.35 WP | =ecee|eeme- T B T R B Lo -—-- t.05
10 | 1.23| s 1.23 NS 1.28/0-FX |1.26 vyvF| 1.21 NS R [ — - t.05
10} 18] s 115 | s 1.6{0  [1.6 | N | 1.6 | s 211 (1.8 |vs| t.02
006 1.12{ F 1,12 VF | =e===}e---- S e bttt GO E T PR P oleemcec]oen- t.02
200
201 1.07| P 1,06 VP | eeeen]e-n-- - e-=-] 1.08 F Jere--- o |memena - £,02
ﬁ’: 1.00| PM 1.00 | MS | -=--c]----- === | =---| 100 | N 220 |1.01 | PN t.01
e i ) DS TTY PEEFTTT IPPRER EERP ceee | eee-] 90| P 310 .90 | M 1.01
16 | b.e3------ 828 FM | cecec]e---- ceee | =-=-| .B22| F 222 | .824 | VP £,005
T e e N IR B cocmaeane- ceme | --<=| .764] PM 321 .766 | M 1,005

2piffraction rings of @ iron are observed out to the
(00+10) plane, but d

included in this

table.

(510) and (431) planes and graphite rings to the
values for rings extending far beyond the range of the unknown patterns are not

bthese diffraction rings appear on the A.S.T.M. X-ray diffractfon card for graphite but not in this
standard graphite pattern.
CThis diffraction ring was not listed in the A.S.T.M. graphite card but was calculated from the fact
that graphite is hexagonal with a = 2,46 and ¢ = 6.78.

NATIONAL ADVISORY CONMITTEE
FOR AERONAUTICS
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510, 431
422
332

, 330

Figure 1.—Electron-diffraction pattern of a-iron. Camera constant, 14.0. X2.

106,114
200, 201
, 112

NACA

C-7142

10-23-44

Figure 2.—Electron-diffraction pattern of graphite showing preferred orientation (cleavage planes
parallel to the surface). The heavy short arcs are the (002), (004), (006), and (008) planes.
Camera constant, 14.0. X2.

GPO 711597
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Figure 3.—FElectron-diffraction pattern from randomly otiented graphite showing spofs due to large
crystals. Camera constant, 14.0. X2.

NACA
C-7143
10-23-44

Figure 4.—Electron-diffraction pattern of a-iron plus graphite from a new cast-iron ring abraded with
No. 600 emery paper. Camera constant, 14.0. X2.

GFO 711597
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Figure 5.—Electron-diffraction pattern of graphite from a new cast-iron ring abraded then etched with
2-percent nital. Camera constant, 14.0. X2.

NACA
C-7144
10-23-44

Figure 6.—Electron-diffraction pattern from a lopped cast-iron ring showing «-iron plus graphite.
) Camera constant, 14.0. X2.

GFO 711597
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Figure 7.—Representative electron-diffraction pattern of highly oriented graphite from cast-iron ring.
Test 5; camera constant, 14.0. X 2.

NACA
C-7145
10-23-44

Figure 8.—Representative electron-diffraction pattern of randomly oriented graphite from cast-iron ring.
Ring 3; test 3; camera constant, 14.0. X2.

GPO 711597
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